ABSTRACT Populations of coated vesicles purified from bovine brain (BCV) and from rat liver (LCV) have been characterized with respect to the parameters of mass and diameter by analysis of scanning transmission electron micrographs of unstained specimens . Coated vesicles from both sources are heterogeneous, particularly in their masses . The respective distributions, compiled from mass measurements of many individual particles, are complex and markedly different . BCV range from 20 Mdaltons to^-100 Mdaltons with a weighted average of 35 Mdaltons : most BCV (80%) lie between 20 and 40 Mdaltons, including peaks at -26 Mdaltons and at^-34 Mdaltons . In contrast, LCV masses tend to be substantially higher, ranging from 20 to 220 Mdaltons with a weighted average of 66 Mdaltons . There is a prominent subpopulation at^,35 Mdaltons, and 59% of all LCV belong to a broad peak between 50 and 120 Mdaltons . The Kolmogorov-Smirnov distribution-free test was used to affirm the statistical reproducibility of these isolates. BCV diameters vary from 50 to 90 nm, and those of LCV from 50 to 150 nm . Both protein compositions, determined by SDS PAGE, are dominated by clathrin and they are generally similar, except that corresponding secondary bands, notably the clathrin-associated light chains, appear to have lower molecular weights in the case of LCV. From consideration of the joint mass-diameter distribution, it is apparent that coated vesicles of a given diameter vary considerably in mass and that this variation is due primarily to widely differing amounts of material enclosed within the clathrin coat.
postulated to exist in order to facilitate packing of triskelions into closed polyhedra (13) . Although the surface lattices of all CV characterized to date appear to be formed of triskelions, there is a marked variation in size among CV generally . An early paper by Friend and Farquhar (3) described two distinct populations in situ. One class, with diameters of >100 nm, was localized in the apical cytoplasm and attributed to involvement in endocytic processes. The other, with smaller diameters of -75 nm, was found primarily in the Golgi region and was ascribed to participate in secretion . Other reports, based on electron microscopy of negatively stained CV isolated from various sources, indicate tissue-specific size ranges: e.g., human placenta, 70-120 nm (4) ; porcine brain, 45-60 nm (l0); bovine adrenal medulla, 55-90 nm (10) ; chick oocyte, 60-105 nm (14) ; a murine lymphoma cell line, 100-120 nm (15) . From these and other observations (see references I, 2, 16) , it can be concluded that although an extensive size range is encountered among CV generally and variation occurs even within single cells (3), the size ranges present in particular cell types are specifically regulated. Thus, elucidation ofthe factors that control the assembly of CV and the recycling ofclathrin would appearto be an essential aspect of understanding their functions in cells . Moreover, systematic characterization of particular CV populations would seem a prerequisite for understanding the mechanisms that regulate particle size.
Hitherto, such information has been obtained primarily from electron microscopy of thin sections of in situ populations and by negative staining of isolated fractions of CV. However, the degree to which distinct components can be distinguished in mixed CV populations by either technique is limited: studies of thin sections have been constrained by rather low resolution, as well as by the ambiguity in determining diameters that arises from the (unknown) level at which the sectioning plane traverses any given particle . With negative staining, the limitations derive both from distortions effected by partial flattening (10, 17) and from non-uniformity in the modes of staining realized among different particles . Moreover, indirect methods such as analytical ultracentrifugation or x-ray diffraction are severely handicapped in regard to mixed populations of particles with a potentially high degree of polydispersity, although an average mass of 28 Mdaltons has been estimated from a sedimentation value of 220S for CV from porcine brain (10) .
In this report we present analyses of the distributions of masses and diameters within two populations of purified CV, effected by scanning transmission electron microscopy of unstained specimens. Mass determinations of individual particles can be readily performed from such micrographs because the dark-field signal recorded in such an image is directly proportional to the mass in the represented portion of specimen . Similarly, measurements of projected diameter can be obtained without complications related either to sectioning properties or staining effects. In this way, we have characterized CV purified from bovine brain and from rat liver. The findings are discussed with particular emphasis on potential size-determining interactions between clathrin molecules and membrane components.
MATERIALS AND METHODS
Purification of CV: CV were isolated from rat liver according to previously described methods (18) as modified by Nandi et al . (19) . In a typical preparation, done at 4°C, 1,000 g of liver (from --100 200-250 g, fed, SpragueDawley rats) was homogenized with an equal volume of buffer A containing 0.1 M 2-N-morpholino-ethanesulfonic acid (MES, pH 6 .5), l mM EGTA, 0.5 MM MgC12 , and 0.02% (wt/vol) sodium azide in a Waring blender (four l0-s bursts) at maximum speed, according to the procedure initially described by Pearse (20) . The homogenate was centrifuged for 45 min at 16,000 g (10,000 rpm in a GSA rotor [Sorvall/DuPont, Wilmington, DE]), and the resulting well-demarcated supernatant (-1,000 ml) was collected and centrifuged at 100,000 g (34,000 rpm in a Beckman 35 rotor [Beckman Instruments, Inc., Palo Alto, CA]) for 80 min . Each pellet was resuspended in 20 ml of buffer A using 18 strokes of the type A Dounce homogenizer. The suspension was brought to a total volume of 500 ml and centrifuged at 12,000 g (10,000 rpm, SS-34 rotor [Sorvall/DuPont]) for 10 min . The supernatant was carefully removed and centrifuged at 130,000 g (37,000 rpm, Ti 45 rotor [Beckman Instruments, Inc .]) for 80 min . The pellets were resuspended in homogenization buffer with the Dounce to give a total volume of 300 ml . After a low-speed centrifugation (10,000 rpm, 10 min) to remove aggregated material, the homogenate was centrifuged again at 130,000 g for 80 min, the supernatant was aspirated, and the pellets resuspended in 80 ml of buffer A, with 25 strokes of the Dounce. After another low-speed centrifugation, 6-ml aliquots of the CVenriched suspension were layered onto 5-6 ml of a 17% sucrose-1320 solution maintained at proper pH with the same buffer salts as in buffer A. These step gradients were centrifuged at 125,000 g (32,000 rpm in Beckman SW40 or SW41 rotors [Beckman Instruments, Inc.]) for 120 min at 16°C with the brake off. The supernatants were gently aspirated and the surface of the pellets washed with 2-ml aliquots of buffer A . These pellets containing the CV were resuspended in buffer A using 25 strokes of the Dounce . After centrifugation at 12,000 g for 10 min to remove aggregated material, the CV were stored at 4°C at a concentration of 2-3 mg/ml until needed . The CV were used within 2 wk of preparation and were stable over at least this period, as judged by gel electrophoresis and electron microscopic observations . The yield from a typical preparation contained -40 mg of protein.
Coated vesicles from bovine brain were isolated according to the method of Nandi et al . ( l9). After the pia and white matter of the brains were removed, the gray material was homogenized 1 : l in buffer A and centrifuged in the GSA rotor at 16,000 g (10,000 rpm) for 45 min. The suspension was purified by using similar high-speed (60 min) and low-speed (10 min) centrifugations of the homogenate as described above. The final 8% sucrose-1320 step gradients were centrifuged at 125,000 g (32,000 rpm in the SW40 and 41 rotors) for 120 min at l6°C with the brake off. The CV-containing pellets were washed with 2-ml aliquots of buffer A and stored in 1-2 ml of the buffer until needed. CV stored in pellet form showed no evidence of change either morphologically or in terms of protein composition over a 2-wk period . The yield from a typical preparation, starting with 1,500 g wet wt of brain, contained^-90 mg of protein .
Analytical Gel Electrophoresis : Proteins were subjected toelectrophoresis in SDS polyacrylamide slab gels as described by Laemmli (21) . Aliquots of 100-120 kg protein were electrophoresed through an 8 .5% separating gel and a 4% stacking gel. Separation of the subunits was carried out overnight at room temperature, with constant current (20 mA) . Gels were stained with 0.15% Coomassie Brilliant Blue R-250 in a mixture of 10% acetic acid and 50% methanol . Gels were calibrated with the following molecular weight standards: myosin, 200,000; 0-galactosidase, 130,000 : phosphoylase B, 94,000 ; bovine serum albumin, 68,000; and ovalbumin, 43,000 (cf. Fig . 1 ) . Protein determinations were done according to the method of Lowry (22) with bovine serum albumin as standard .
Photographic records of stained gels were scanned with a Perkin-Elmer (South Pasadena, CA) 1010G scanning microdensitometer (23) using 100-,Um apertures and a 100-ym sampling interval . The resulting digital data were analyzed by means of the PIC (24) and MLAB (25) systems of computer programs, implemented on PDP 11/70 and DEC-10 computers (Digital Equipment Corp., Marlboro, MA), respectively. To enhance the visibility of minor bands, the gels were overloaded with the result that the linear range of the recording film (type 4162 ; Eastman Kodak Co ., Rochester, NY) was exceeded with respect to the clathrin band . Accordingly, the data were subjected to a nonlinear mapping to compensate for this effect before further analysis. The baseline was determined by a linear regression through the lowest-density points of the laterally averaged trace, and the overall fractions of clathrin and light chains were determined by two-dimensional integration of the appropriate regions of the gels.
Confirmation that these experimental conditions remained within the linear region for dye-binding by clathrin was established according to the method of Fenner et al. (26) , using purified clathrin .
Conventional Electron Microscopy: Preparations of CV were examined by conventional transmission electron microscopy using a Philips (Mahwah, NJ) EM400T electron microscope operating at 80 kV . A liquid nitrogen cold trap was used routinely . After adsorption to a thin layer of evaporated carbon supported on a collodion film substrate, specimens were washed (two cycles) with 20 mM Trís-HCI, pH 7 .0, and stained with a 1 aqueous solution of uranyl acetate. After 10 s, excess fluid was wicked off with filter paper and the grid was allowed to air-dry.
Scanning Transmission Electron Microscopy (STEM) : STEM was carried out at the Brookhaven Biotechnology Resource (27) with the 40-keV electron probe focused to 0 .25 nm diam . Images were recorded directly in digital form, with parallel acquisition of two dark-field images (each (512 x 512 pixels) in the small-angle (15-40 mrad) and large-angle (40-200 mrad) detectors, respectively. However, only the large-angle signal was used for mass analysis: its quantum collection efficiency is -40% and its detection efficiency is -100% . Specimens were maintained at -130°C on the liquid N2-cooled stage during observation .
Unstained specimens were prepared by freeze-drying at a constant sublimation rate over a period of 6-8 h according to previously described procedures (28) , except as detailed below . To avoid overlaying specimens with a film of protein denatured at the air-water interface, the drop-injection technique (29) was used throughout. A drop (2 .5 ul) of coated vesicle suspension at 100-200 yg/ml total protein in buffer A (cf. above) was injected into a 2 .5-,Ul drop of distilled H=O previously applied to the grid. The substrate was a carbon film (-2 .5 nm in thickness on average) supported on a fenestrated thick-carbon support, which had previously been glow-discharged in N Z. After 5 min, the grid was washed five times with drops of 10 mM ammonium acetate (pH 6.5) ; then tobacco mosaic virus (TMV) reference particles were added and the freezedrying protocol was completed as described (28) . The spatial distribution of particles on grids prepared in this manner was notably uniform and reproducible .
Mathematical and Statistical Analyses of Data : The masses of individual particles were determined using both the Brookhaven computational system (30) and the PIC system (24) . Repeated measurements of the same particles confirmed that these systems yield consistent results. Backgrounds were determined locally as described (30, 31) . Mass values were calibrated relative to the average linear density obtained for the TMV particles present in a given micrograph . CV masses were determined from micrographs whose fields of 512' pixels covered (1 .04 tam l ) or (2 .08 um') .
Mathematical quantitations. most statistical procedures, and all computer graphics were carried out using the MLAB package (25) on a DEC-10 computer, in coordination with a model 4012 graphics terminal (Tektronix, Inc ., Beaverton, OR) . The Kolmogorov-Smirnov distribution-free test (32) was performed using a program written for this purpose, incorporating a subroutine obtained from the IMSL utility library (IMSL, Inc ., Houston, TX) .
RESULTS

Comparative Protein Compositions of BCV and LCV
CV populations isolated from bovine brain and from rat liver were analyzed by SDS PAGE to compare their respective protein compositions (Fig. 1) . In both cases, the predominant component was clathrin, as expected from earlier reports (14, 18, 20) . From quantitative digital analysis of stained gels ( Fig.  1) , we estimated clathrin to account for 51 (BCV) and 39% (LCV) of the total protein in these preparations . The patterns of secondary bands were qualitatively similar in the two cases, except that corresponding bands were generally displaced towards lower molecular weights in the LCV preparations (cf. Fig . 1 ) . For example, the light-chains that remain in association with clathrin upon uncoating CV, and which are thought to participate with clathrin to form triskelion complexes (33, 34) , appeared to consist of two bands in both cases . These have apparent molecular weights of -36 and 33 kdaltons for BCV (together 6 .7% of total protein), compared with -33 and 30 kdaltons for LCV (together, 5 .3% of total protein) . Similarly, the LCV proteins, which seem to correspond to the "1 10K" (35) proteins of BCV, average only -96 kdaltons . Of the bands present on the LCV track to which there are no obvious counterparts for BCV, the most conspicuous are a group in the range of 65-75 kdaltons, and a less prominent component at^-40 kdaltons.
171 6 THE JOURNAL OF (TELL BIOLOGY " VOLUME 97, 1983 FIGURE 1 SIDS PAGE of purified coated vesicle populations isolated from bovine brain (BC" and from rat liver (LCV) . Photographic records as well as densitometric scans compare the protein compositions of the respective isolates . In both cases, the major component is clathrin (M r^-180,000), but differences are apparent between the respective distributions of secondary bands (cf. Results) .
STEM of Unstained Coated Vesicles
Typical dark-field STEM images of unstained LCV and BCV are shown in Fig. 2 . For reference, a bright-field CTEM image of BCV contrasted by negative staining with uranyl acetate is also included (Fig. 2c) . The unstained CV were prepared for electron microscopy by freeze-drying, after repeated washing with dilute solutions of ammonium acetate, a volatile salt . This procedure evolved as an effective way to minimize residual salt deposits while preserving the structural integrity of the CV by maintaining buffering during the wash cycles . Biological material per se is more sensitive to radiation damage than are distributions of heavy metal stain, so electron irradiation levels were kept to a minimum and all analyses were performed on first-scan images recorded with average doses of 70-300 electrons/nm2 . As a further measure to foster preservation of structure, all specimens were maintained at a temperature of about -130°C during observation to inhibit the diffusion of radiation products and to eliminate contamination .
From visual inspection of these images, it was immediately apparent that the CV are heterogeneous, in terms both of physical dimensions and of cumulative image intensity (electron scattering power). This property applies to both types of CV ( Fig. 2) and it is particularly evident for LCV, among which the incidence of larger particles is also clearly higher . From these observations, it was also evident that the preparations of CV particles were indeed highly purified. Among the BCV, identifiable contaminants amounted to a few noncoated vesicular particles (e.g., U in Fig . 2 , a and b) which occurred at a frequency^-5% that of the BCV, and small amounts of reticular substance that presumably derived from the membranes of the source tissue.
On average, LCV are perceptibly larger and more massive than BCV (cf. Fig . 2 ). To judge by microscopy, they show a similar degree of purity to the BCV . However, LCV also contain particles that are apparently incomplete (e.g., P in Electron micrographs of coated vesicles isolated from bovine brain (a, b, and c) and from rat liver (d and e) . Unstained CV imaged in STEM dark-field mode, after preparation for electron microscopy by freeze-drying, are shown in a, b, d, and e . For comparison, a CTEM image (c) of BCV negatively stained with uranyl acetate is included . All micrographs are at the same magnification . The STEM dark-field images are reproduced so that the more massive features are white against a dark background (the carbon film substrate) . These preparations appear to be highly purified, the most common impurities being (relatively infrequent) noncoated vesicles (U) of various sizes, which are easily distinguished from CV on morphological grounds . The rodlike particles (T) are tobacco mosaic virions, used as internal mass standards . Small dense-cored particles (F) are quite abundant in LCV preparations and we conclude that they most likely represent contaminating ferritin molecules (44) (cf . Results) . Some of the larger LCV (e .g ., P) have a nonsymmetrical appearance which is suggestive of incomplete assembly, or possibly, of damage . Fig. 2d ). These occur at the level of 10-15% of all particles, and are also observed, although less conspicuously, in conventional electron microscopy of negatively stained preparations . Although we cannot rule out the possibility that these may represent LCV that have become partially disrupted during the course of preparation, we consider this explanation of their origin to be unlikely because such particles are rare among BCV isolated in a similar manner. An alternative possibility is that they may represent coated pits extracted as a result of tissue homogenization before they could mature into CV .
The STEM dark-field signal is proportional to the mass present in agiven portion of specimen sampled by the electron probe (36, 37) , at least over the dynamic range spanned by these images (cf. Appendix). This property facilitates the determination of mass of individual particles by integrating the cumulative signal from a designated area of the image (which contains the particle of interest), after effecting a background subtraction . We have performed many such measurements for both BCV and LCV. The results are presented in Fig. 3 and Table 1 . The criteria for selecting a given CV for a mass measurement were as follows : (a) it should be apparently intact ; (b) it should be surrounded by a clean, uniform, tract of carbon film; (c) the periphery of the particle should be unambiguously distinguishable (e .g ., the particles should not be clustered) . All CV meeting these criteria were measured, so that the resulting distributions probably represent unbiased samplings of the respective purified populations. Since all CV, of whatever size, are encased in clathrin, differential adsorption to the substrate is unlikely to exercise any bias in favor of specific size classes .
Distributions of Molecular Weights of BCV and LCV
The respective distributions of molecular weights, compiled from many hundreds of individual measurements, are plotted in Fig. 3 . These distributions are complex and characteristically different. To interpret them, it is first necessary to consider the uncertainty implicit in an individual measure-ment. It is a basic property ofSTEM mass measurements that they become progressively more precise with increasing mass of the particles measured (27, 38) . A formalism has been derived that yields the fractional experimental error in a mass measurement caused by random fluctuations in the thickness of the carbon substrate, and by shot noise arising from the finite electron dose (28) . Under the experimental conditions used here, an error of 0.3% is to be expected for a CV of 40 Mdaltons. However, the CV data are all normalized relative to the local average of TMV particles, and a standard deviation of 2.5% is characteristic of the set of TMV particles present in a given micrograph analyzed in this study . In practice, other sources of uncertainty arise, which mainly relate to the efficacy of the experimental procedures used to eliminate extraneous biological matter and salt deposits while maintaining the structural integrity ofindividual particles (31, 39) . The standard deviation of repeated measurements of the same particles is at the 1-2% level. Thus, we estimate the experimental uncertainty for any given CV mass measurement to be of the order of 3%, with the TMV calibration contributing the major source of error. The relative masses of CV present in a given field are determined somewhat more precisely . The minimum molecular weight for BCV is -20 Md, and the majority ofthese particles (75-85%) have masses between 20 and 40 Mdaltons (Fig. 3) . In this range, the distribution appears to contain two peaks at^-26 and 34 Mdaltons, respectively, although the degree of heterogeneity among different particles is much greater than twofold, even within this interval . The remainder have higher masses, generally ranging up to -80 Mdaltons and averaging 51 Mdaltons, but a few BCV have masses as high as 108 Mdaltons. The weight average over the entire distribution is 35 Mdaltons . In each of the four preparations analyzed, the mass limits bounding the major component of the distribution, viz . 20 and 40 Mdaltons, were clearly and reproducibly defined. The rather dispersed distribution of the remaining particles was also similar in each case, although the overall fraction of BCV with masses in excess of 40 Mdaltons varied slightly among different preparations, in the range 15-25% (cf. Table II) .
Distribution of LCV Masses
The minimum molecular weight encountered in these preparations was also 20 Mdaltons, but the LCV range extends at least as high as 220 Mdaltons . There is a prominent subclass of LCV with masses around 35 Mdaltons, similar to one of the classes observed among BCV . However, the major part (59%) of the total LCV distribution lies in a broad peak between 50 and 120 Mdaltons. The global weight-average LCV mass is 66 Mdaltons .
The major statistical parameters of the respective distributions are summarized in Table I . These results emerged consistently from repeated mass analyses. Because the results of such experiments are defined only in a statistical sense, their reproducibility was established by comparing various subdistributions of mass measurements according to the Kolmogorov-Smirnov test (32) . This test provides a quantitative measure of the probability that two sets of measurements will both represent samplings ofthe same underlying distribution, or that they will derive from significantly different distributions. For present purposes, this test has the advantage of being independent of the shapes ofthe distributions involved . The results obtained by comparing the outcomes of STEM analyses of independently obtained isolates of BCV and LCV, and of repeated microscopic analyses of given preparations are presented in Table II .
These analyses have established (a) that CV preparations from both brain and liver are highly heterogenous, (b) that these populations are reproducible in the sense of statistical distributions, and (c) that these distributions are characteristically different . The possibility was considered that the use of a 17% sucrose-1320 step gradient to isolate purified LCV, as opposed to a 8% sucrose-1320 at the corresponding stage of BCV purification, might result in selective retardation of less massive LCV and thus contribute to the observed differences between the respective populations . To test this proposition, we compared LCV isolated using both types ofgradient by CTEM observation after negative staining. No differences between the samples was apparent in respect of CV sizes, although the pellet from the 8% gradient contained a much higher incidence of noncoated membrane vesicles and fragments . Similarly, BCV were also isolated using the 17% sucrose gradient, and upon STEM analysis, the resulting distribution of masses obtained was found to be unaffected by this change in experimental procedure (Table II) . We therefore discounted this possibility as the source of the observed difference between the respective molecular weight distributions.
Variability in Diameter and Vesicular Contents of Coated Vesicles
In addition to the observed variations in mass, we also observed appreciable differences among the physical dimensions and shapes of these particles. For illustration, a gallery of STEM images of BCV of various masses and morphological appearances is presented in Fig . 4 . The particles shown in Fig .  4 , g and h, respectively, represent BCV that have closely similar dimensions, but whose masses differ radically on account of widely differing vesicular contents. In some of these images, e.g., Fig . 4 , b and c, features of the clathrin surface lattice are visible with particular clarity .
The outer diameters of several hundred particles were determined by averaging, in each case, three measurements made at equal angular increments . To reduce uncertainties, spherically symmetrical particles were selected for this pur-* In each of these tests, two sets of measurements (A and B) obtained from different experiments are compared, The number of measurements (n) in both sets are listed here . ' In some comparisons, the test results initially suggested that the data sets were different . Upon closer analysis, these results were found to originate from a slight variability between preparations of the fraction of BCV with masses in excess of 40 Md (cf. Fig. 3 ), viz. 15-25% . Tested separately, the two subpopulations (up to 40 Md and above 40 Md), were indistinguishable. We are not aware of the source of this small, but apparently significant, variability in the overall fraction of larger BCV: conceivably, it may be related to the age or nutritional state of the individual source animal . s The program used does not quantitate probabilities more remote than 10 -°. FIGURE 4 A gallery of STEM dark-field images of unstained BCV, uniformly normalized and displayed according to the grey-scale shown: the calibration ramp represents equal increments of density of 3.2 kdaltons/nMZ and portrays one level below the average background value and eight levels above. These particles were selected to illustrate the range of variations in shape, morphology, dimensions, and mass encountered in BCV populations : (a) 24 . Diameter InmI FIGURE 5 2-dimensional plot representing the joint mass/diameter distribution of CV . Both LCV (140 points) and BCV (113 points) were combined in this plot . The solid line represents the mass/ diameter dependency which is to be expected for coats constructed from triskelions according to the geometrical scheme proposed by Crowther and Pearse (13) (cf . Results) . The difference between the mass-coordinate of a given point and this curve gives an estimate for the internal mass of that CV (i .e ., the mass contained within its coat) . The eventuality that CV flatten to some extent upon adsorption to the carbon film substrate could affect these estimates of the surface lattice masses, by resulting in an overestimate of the surface lattice area . The dashed line represents the consequences of the most extreme case of flattening, in which particles are totally flattened, but spread so as to preserve their surface areas .
eters, there was no obvious way to distinguish between the respective distributions of points in the 25-50-Md range. It seems probable that the variation in size among CV is associated with a corresponding variability in the clathrin coats arising from different polyhedral forms. Although we cannot determine precisely how many distinct polyhedra are represented in these populations, we can nevertheless estimate the mass fraction contributed by the triskelion surface lattice for a CV of any given diameter by calculating first the surface area of a sphere of that diameter and from that the number of triskelions required to cover it. To estimate the packing density of triskelions, we adopted the scheme proposed by Crowther and Pearse (13) , according to which clathrin coats take the form of polyhedra consisting of 12 pentagons plus a variable number (nh ) of hexagons, and one triskelion is associated with each vertex of the polyhedron . The inter-vertex spacing was taken as 18 .7 nm (13) The resulting mass-diameter curve is included in Fig. 5 , and for any given CV represented in this plane, an estimate of the mass of its vesicular contents is given by the displacement of its mass coordinate above this curve . Thus, we estimate that overall the coats account for -50% of the total BCV mass (sampling of 113 particles, average mass 37 Mdaltons) and -30% for LCV (sampling of 140 particles, average mass 73 Mdaltons) . For individual data points, the experimental errors are^-3% (i.e ., 1-3 Mdaltons) in mass, and -5% (i.e ., 2-6 nm) in diameter. In view of these relatively small uncertainties, it is evident from Fig . 5 that CV of 720 THE JOURNAL OF CELL BIOLOGY " VOLUME 97, 1983 approximately the same size vary greatly in their masses and vice versa . To demonstrate this point more directly, we show a set of LCV images in Fig . 6 . The diameters of these particles are very similar, 130-140 nm, but their masses are strikingly different, ranging from 85 to 186 Mdaltons . This variation appears to be due primarily to their differing contents . The particle of Fig . 6c represents an extreme case . Its content has a definitely bipartite appearance and may in fact represent two vesicles enclosed within the same clathrin shell .
DISCUSSION
In this study, we have exploited the electron optical advantages of STEM to obtain images of purified CV without recourse to contrast enhancement by heavy-metal staining or shadowing . From these images, the masses and diameters of many CV particles have been determined, and the overall distributions of CV particles purified from rat liver and from bovine brain, respectively, have been built up from these individual measurements . Pronounced variability is observed within both populations, although they are statistically well defined in the sense that our results are reproducible with respect to repeated electron-microscopic analyses of a given isolate, as well as for sets of measurements from separate isolates (Table II) . From these images, we infer that these preparations have a low incidence of contaminants, which are primarily noncoated vesicular particles and small amounts of membranous debris. Unlike other biophysical methods for sizing microscopic particles (such as sedimentation analysis, light-scattering techniques, or x-ray diffraction), the STEM results would not be systematically affected by the presence of such contaminants, even in substantial amounts . However, the observed purity of the CV isolates is of importance when considering the observed differences between the physical parameters of BCV and LCV populations in light of their differing protein compositions (Fig. 1) .
CV Structure and Protein Composition
The respective clathrin molecules of BCV and of LCV migrate indistinguishably on SDS gels, and there is general similarity between their respective patterns of secondary bands, except that LCV proteins tend to have systematically FIGURE 6 A gallery of STEM dark-field images of unstained LCV, uniformly normalized and displayed according to the given greyscale : this calibration conveys equal increments in density of 3.3 kdaltons/nm' . The average background level (i .e ., average massthickness of the carbon film substrate) is the second darkest level . These particles were selected to illustrate the variation in mass among LCV, and in particular, the variability in their vesicular internal contents . These LCV all have outer diameters of^-135 nm : (a) 104 Mdaltons ; (b) 95 Mdaltons ; (c) 85 Mdaltons ; (d) 186 Mdaltons; and (e) 169 (33) that these subunits are required to promote the assembly of clathrin into "baskets" in their in vitro system . In view ofthis observation ofthe modulation of clathrin assembly by such proteins, it is conceivable that different light chains might influence CV size distributions by favoring the assembly of particular sizes ofcoat. Alternatively, the respective clathrin molecules may differ in this respect. However, further work is required to clarify the status of this conjectural form-determining mechanism .
We estimate that clathrin constitutes^-39% of total Coomassie-stainable protein for purified LCV and^. , 51 % for BCV in preparations that, to judge by electron microscopy of negatively stained samples and STEM of unstained specimens, contain only trace amounts of particulates other than CV. These data are somewhat higher than the earlier determination for BCV by Woodward and Roth (40) of 40% clathrin, but somewhat lower than the determination by Mello et al. of 64% clathrin (41) . The reasons underlying these disparities are not obvious . However, one possible contributing factor might arise from the fact that the purification procedures used in these studies involved density gradient centrifugation with high concentrations of sucrose (cf. reference 20). Nandi et al . (19) have recently shown that such treatment leads to the separation of clathrin from membrane lipid, with the implication that CV populations so obtained may contain particles reformed out of breakdown products.
When the respective complements of light chains are taken into consideration, we reach figures of 44% (LCV) and 58% (BCV) for the biochemically derived estimates of the protein mass fractions contributed by the triskelion surface lattices . The determination of a somewhat smaller fraction of surface lattice protein for LCV than for BCV correlates plausibly with the larger average size of LCV, which confers a greater internal capacity per fixed amount of clathrin in this system . These figures are generally consistent with corresponding estimates of fractional surface lattice mass from electron-microscopic measurements (Fig. 5) , where the surface lattice density of triskelions has been calculated from the packing principle put forward by Crowther and Pearse (13) . However, this correlation is still somewhat tentative on account of the ambiguity that relates to the depth within the particle to which the 18.7-nm inter-vertex spacing determined from the negatively stained projection should apply, as well as to the eventuality of partial flattening upon adsorption of these particles to the carbon film. We hope that further studies will clarify these aspects .
Structural Variation among Coated Vesicles
The occurrence of size variation among CV particles, particularly in different tissue types, has been disclosed through earlier studies (1). However, the limitations ofthe experimental techniques hitherto applied have precluded detailed analysis ofthis phenomenon . For our STEM data, the uncertainty implicit in any given mass determination is^-3%, whereas we observe an -5-fold range ofvariation in molecular weights among purified BCV, and at least an 11-fold range among LCV. There is also considerable variation in shape . Although many CV are approximately spherical, others are distinctly ovoid (cf. Fig. 2 ) and we have observed ratios of longest/ shortest dimension of up to 1 .5. We do not think it likely that such prolate forms are imposed by distortion on preparation for electron microscopy because the major potentially distorting effect-adsorption to the carbon film-should not stress the particles anisotropically in this plane . The projected outer diameters, averaged over different directions, range from 50 to 100 nm for BCV and from 50 to 150 nm for LCV. Moreover, CV of a given diameter and shape can vary radically with respect to mass (Figs. 4 and 6) , and the source of this variation evidently derives from the vesicular content rather than the coat. Although populations of BCV and LCV differ in the respects noted above (cf. Results), we have not detected any distinctive morphological differences between BCV and comparably sized LCV . The incidence of broken or incomplete particles is significantly higher among LCV, but this occurs predominantly among the larger particles that are not present among BCV .
Possible Functional Significance of CV Size Variation
In view ofthe diversity offunctional roles attributed to CV, it seems probable that the collective population extracted from such a heterogeneous tissue source as brain should contain several functionally distinct types. On the other hand, liver, where the majority of cells are hepatocytes, is a considerably more homogeneous tissue. It is therefore noteworthy that isolated LCV exhibit a much wider variation in diameter and mass than BCV, and it is not unreasonable to inquire whether there may be some functional correlation to particular size classes . For instance, smaller CV might be expected to be more freely diffusible, and larger clathrin shells may transport correspondingly greater amounts of vesicular material.
Perhaps the most basic issue at this stage is to distinguish the extent to which these size variations represent the contributions ofdifferent cell types from the degree ofvariability in size that occurs within individual cells . Thus, Friend and Farquhar (3) found that CV in rat vas deferens cells are of two different size classes, are segregated to distinct compartments of the cytoplasm, and are engaged in different functions. More recently, Croze et al. (42, 43) have distinguished three size classes of CV in thin sections of mouse liver cells, which are associated primarily with the Golgi, the cytoplasmic membrane, and the intervening cytoplasm, respectively. It is perhaps premature to correlate these in situ observations conclusively with our analyses of isolated LCV, which demonstrate that the degree of heterogeneity in these populations is much greater than threefold . Nevertheless, these observations (3, 41, 42) indicate that CV particle size in certain cells does indeed correlate with proximity to specific types of membrane, and hence presumably with the CV-related activities in which the corresponding membranes are engaged . The largest CV analyzed in this study have diameters of >150 nm and thus constitute relatively thick specimens. Motivated by this consideration, we have investigated the dynamic range over which the digital STEM signal can be taken as linear without incurring significant errors. Departures from linearity would be expressed in the mass determinations as systematic underestimates of total masses of individual particles. This evaluation has been carried out empirically by analyzing images of latex beads, which are spheres of uniform density and are -0 .18 Itm in diameter (Dow Uniform Latex Particles; E. F. Fullam, Schenectady, NY). For scattering from a chemically homogeneous specimen of linear density p, the dark-field signal (SDF) is given by (36) where ire is the effective mean free path, t is the local mass thickness, and K is a proportionality constant. Let to = pae be the cumulative mass thickness to which this mean free path corresponds . Thus, for thin specimens, the linear approximation is adequate provided that t is restricted to small fractions of te. For elastic scattering of 40-keV electrons in amorphous carbon, Ae has been estimated to be^-67 nm (36) , which is equivalent to a value for to of 89 kdaltons . However, because the geometry of the large-angle detector may affect the value of this parameter, we have chosen to evaluate it empirically from scanned images of latex spheres. In these specimens, the projected mass thickness t(x) as a function of position (x) is given by :
where c is the mass thickness of the carbon film substrate, p is the linear density in latex, and r is the radius of a given sphere . This expression, in conjunction with Eq . 1, describes the dark-field signal in a scan across such a sphere and the parameters were evaluated by a nonlinear least-squares procedure (25) . In Fig. 7 , a typical fit is compared with the corresponding experimental signal and to the linear approximation (Eq. 2) . Thus, we estimate ae = 250 ± 50 nm for 40-keV electrons in latex for these operating conditions, which (Nm) Scan Distance FIGURE 7 STEM dark-field signal recorded in scan across a latex sphere, approximately 0 .16 microns in diameter . To improve the signal-to-noise ratio slightly, five scans were averaged to give this trace . The smoothly-varying solid line represents a fit to this curve given by Eqs . (1) and (3), whereas the dashed line represents the linear approximation of Eq . (2) . The discrepancy between these curves indicates, at any point, the systematic departure from linearity caused by multiple scattering events . 72 2 THE IOURNAL OF CELL BIOLOGY -VOLUME 97, 1983 corresponds to an equivalent mass thickness of -200 kdaltons .
To calculate quantitatively the effect of departures from linearity on the CV mass measurements, several STEM images were subjected to a nonlinear transformation, by inverting Eq . 1, viz.
For any given micrograph, this transformation depends on a single parameter, K, which must be determined. We evaluate K by applying Eq . 2 to the TMV particles that serve as our internal mass standards. Since for the maximal mass thickness presented by TMV in lateral projection, t/te = 0.04, and for the carbon support films used in these experiments, (t/te) 0.017, the linear approximation clearly holds for these specimens.
The masses of a representative selection of CV particles were recalculated after this transformation, which compensates for the nonlinearities caused by multiple scattering events in the thicker parts of the specimen . Typical results are listed below:
It is apparent that the discrepancies involved are slight in comparison with the overall experimental error attributed to these data (cf. Results) . At first sight, this might seem paradoxical because the apparent diameters projected by large LCV (e .g., 150 nm) are still comparable to the empirically determined mean free path in latex, viz. 250 nm . However, it turns out that the total mass projected at any image point for such a CV is much smaller than at the corresponding point of a latex ball of the same thickness. This property may mean that there are substantial amounts of space within freeze-dried CV particles that are either empty or occupied by material of relatively low average density, or that these particles flatten to some extent on the electron microscope grid. At present we cannot distinguish between these two effects.
We 
